Despite increased morbidity associated with secondary respiratory viral infections in cystic fibrosis (CF) patients with chronic
The significance of secondary bacterial infection following a viral infection has been known for a long time. However, the effects of bacterial infection on host responses to secondary viral infections are poorly understood. It is possible that bacterial infection-induced changes in host mucosa may modulate the innate immune responses to viral infection. For example, previously, we have shown that the preinfection of airway epithelial cells with nontypeable Haemophilus influenzae increases expression of intercellular adhesion molecule 1 (ICAM-1) (30) , which is a cellular receptor for major group rhinovirus (RV) (17, 23) . This in turn increases RV binding to airway epithelial cells, leading to an exaggerated chemokine response (30) . Nontypeable H. influenzae infection also increases the expression of toll-like receptor 3 (TLR3), which recognizes double-stranded RNA (dsRNA) and elicits an interleukin-8 (IL-8) and/or interferon (IFN) response (30, 38) . Pseudomonas aeruginosa infection also increases ICAM-1 expression in airway epithelial cells (12) . Further, treatment with lipopolysaccharide has been demonstrated to prevent antiviral responses in macrophages (27, 34) , indicating that prior infection with bacteria may enhance viral binding and decrease viral clearance.
Secondary viral infections may increase the severity of lung disease in patients with chronic bacterial infections, such as those with cystic fibrosis (CF). Although CF is an inherited genetic disorder, pulmonary manifestations due to chronic bacterial lung infection is the leading cause of morbidity and mortality in these patients. The majority of CF patients show a slow progressive loss of pulmonary function because of smoldering chronic infection with P. aeruginosa and inflammation. This is punctuated by episodes of acute exacerbations due to infection or acquisition of new infectious agents. Respiratory viruses are detected approximately in 28 to 48% of CF patients with pulmonary exacerbations; hence, viruses may be important triggers of exacerbation in CF (11, 37, 40, 41) .
RV is a single-stranded RNA virus and is responsible for majority of the common colds and Ͼ50% of virus-associated exacerbations in patients with asthma or chronic obstructive pulmonary disease (reviewed in reference 9). Similarly, RV was also detected in 22 to 58% of virus-associated CF exacerbations (8, 11, 35, 41) . Other respiratory viruses detected in CF patients include respiratory syncytial virus, influenza A/B virus, parainfluenza virus, and adenovirus (1, 7, 8, 11, 26, 35, 41) . RV infection in CF patients was associated with increased lower respiratory symptoms and required prolonged use of intravenous antibiotics and hospitalization (8, 25) , suggesting that RV may synergize with existing bacterial flora in exacerbating the disease. Recently, we showed that secondary RV infection increases chemokine responses of bronchial epithelial cells preinfected with mucoid P. aeruginosa (MPA) by liberating planktonic bacteria from biofilm (5) .
The airway mucosal epithelium is the primary target for respiratory viruses and plays a pivotal role in mounting appro-priate early innate immune responses to clear infecting virus. In CF, airway epithelial cells are constantly exposed to an inflammatory milieu, and this may alter the innate immune responses to infection. There is evidence suggesting that CF airway epithelial cells are attenuated in viral clearance (42, 44, 45) ; however, what is not known is whether this deficiency is due to changes caused by persistent bacterial infection or due to dysfunction of CF transmembrane conductance regulator (CFTR). Therefore, in the present study, we examined the antiviral responses to rhinovirus infection in CF bronchial epithelial cells preinfected with P. aeruginosa, a principal pathogen in CF.
MATERIALS AND METHODS
Bacteria and growth conditions. The MPA isolate used in this study was isolated from the sputum of a CF patient and has been described previously (15, 36) . MPA was prepared for infection assays as described previously (5, 36) . Briefly, MPA was subcultured on brain heart infusion agar (BD diagnostics, Franklin Lakes, NJ) and grown for 24 h at 37°C. A single colony was transferred to 10 ml tryptic soy broth (BD Diagnostics, Sparks, MD) and grown overnight in a shaking incubator. Bacteria were harvested by centrifugation, washed with phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO), and finally suspended in PBS or cell culture medium to a required concentration based on an optical density at 600 nm (OD 600 ; 1 OD unit is equivalent to 1 ϫ 10 9 CFU/ml). The actual concentration of bacteria in a suspension was determined by plating.
Rhinovirus. Rhinovirus RV39 was purchased from the American Type Culture Collection (ATCC; Manassas, VA). Viral stocks were generated by infecting H1-HeLa cells (ATCC CRL-1958) as described previously (29, 30) and 50% tissue culture infectivity doses (TCID 50 ) of viral stock were determined by the Spearman-Karber method (16) . Supernatant from uninfected HeLa cells and RV exposed to UV light for 15 min on ice at 100 mJ/cm 2 (UV-RV; replicationdeficient virus) were used as negative controls. In selected experiments, a partially purified RV preparation was subjected to ultrafiltration and a filtrate containing molecules of Ͻ100 kDa was used as an additional negative control.
Bronchial epithelial cell cultures and infection. Primary bronchial epithelial cells were obtained from three CF patients (two males, aged 16 and 33 years, and one 23-year-old female) who were homozygous for the ⌬F508 mutation and undergoing double lung transplantation. Non-CF bronchial epithelial cells were isolated from lung donors (two males, aged 21 and 41 years, and one 40-year-old female) with no known lung disease. The epithelial cells isolated from bronchial segments of healthy and CF donors were grown at air-liquid interface to promote mucociliary differentiation, as described previously (5, 28) . Use of these tissue samples for isolation of cells was approved by the University of Michigan Institutional Review Board. Well-differentiated CF cells were treated apically with 10 l of PBS alone (sham infection) or infected with 10 l of PBS containing MPA at a multiplicity of infection (MOI) of 0.01 and incubated for 24 h at 37°C. Both sham-and MPA-infected cells were then shifted to medium containing 50 g/ml gentamicin to prevent cell death due to excessive growth of bacteria and superinfected with RV at an MOI of 1 (TCID 50 of 3 ϫ 10 6 ), UV-killed RV (UV-RV), or an equal volume of HeLa cell supernatant (sham infection) and incubated at 33°C for another 24 h. Total RNA or protein was isolated from cells to assess the expression of genes by quantitative PCR (qPCR) or phosphorylation of proteins by Western blot analysis, respectively. Basolateral medium was used for determination of protein levels of cytokines. In some experiments, cells were treated with diphenylene iodonium (DPI; Sigma) prior to P. aeruginosa infection.
IB3 cells are immortalized CF bronchial epithelial cells and were kindly provided by P. Zeitlin (Johns Hopkins University, Baltimore, MD) and grown in LHC-8 medium containing 5% fetal calf serum and 5 mM glutamine (all from Invitrogen, Carlsbad, CA). BEAS-2B cells are immortalized normal bronchial epithelial cells (ATCC) cultured in bronchial epithelial cell growth medium (BEGM; Lonza, Walkersville, MD). For coinfection assays, cells grown in 6-well plates were serum starved for 6 h, treated with medium (control), or infected with MPA at an MOI of 0.01 and incubated for 16 h. Both control and MPAinfected cells were shifted to serum-free medium amended with 50 g/ml gentamicin and superinfected with RV at an MOI of 1 (TCID 50 of 1 ϫ 10 6 ), UV-killed RV (UV-RV), or an equal volume of HeLa cell supernatant (sham infection) and incubated at 33°C up to 24 h, and medium and cells were harvested at the time points indicated in Results. In some experiments, cells were incubated with DPI, LY294002 (Cayman Chemical, Ann Arbor, MI), N-acetylcysteine (Sigma), or CFTR inhibitor 172 prior to and during infection (EMD Chemicals, Gibbstown, NJ) as indicated in the text. Viral load. Infectious viral load in RV-infected cells was determined as described previously (33) . Briefly, cells along with medium were subjected to two freeze-thaw cycles and centrifuged. A 10-fold serial dilution of supernatants was mixed with HeLa cells and plated in 96-well plates. After incubation at 33°C for 3 days, the number of wells with viral cytopathic effect (CPE) were counted to calculate the viral titer, TCID 50 /ml.
ELISA. IL-8/CXCL8, IFN-␤, IL-29/IFN-1, and 1IL-28A/IFN-2 protein levels in the condition medium from cells after the relevant infections were detected by DuoSet enzyme-linked immunosorbent assay (ELISA) kits or individual ELISA kits (R&D Systems, Minneapolis, MN).
Real-time PCR. Total RNA was extracted from the cells (RNeasy kit; Qiagen) and reverse transcribed using random hexamers and TaqMan reverse transcription reagents (Applied Biosystems). The cDNA was used to assess the expression of IL-8/CXCL8, IFN-␤, IL-29/IFN-1, 1IL-28A/IFN-2, and IFN-stimulated genes by real-time PCR using gene-specific PCR primer pairs (33) . All PCRs were performed with an Eppendorf Mastercycler (Westbury, NY) using the comparative threshold cycle (C T ) method. Specificity of the PCR products was confirmed by melting curve analysis.
Western blot analysis. After appropriate treatment, cells were washed with PBS and lysed in cold radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz Biotechnology) containing 1ϫ complete protease inhibitor cocktail (Roche), 1 mM sodium fluoride, and 1 mM sodium orthovanadate. Aliquots of cell lysates corresponding to equal amount of total protein were resolved by SDS-PAGE, transferred to nitrocellulose membrane, and blocked with 5% skim milk or bovine serum albumin (BSA; Fraction V; Sigma). Membranes were then incubated with p-IRF3 (Cell Signaling Technology, Danvers, MA), total interferon response factor 3 (IRF3; Santa Cruz Biotechnology, Santa Cruz, CA), p-Akt (Cell Signaling Technology), total Akt (Cell Signaling Technology) or ␤-actin (Sigma). Bound antibody was detected by appropriate second antibody conjugated with horseradish peroxidase (HRP) and chemiluminescence substrate (Pierce Biotechnology, Rockford, IL).
Expression of ICAM-1 and TLR3. Expression of ICAM-1 and TLR3 was determined as previously described (30) . After the relevant treatment, cells were harvested using cell-dissociating buffer (Invitrogen), and washed with PBS-BSA (PBS containing 0.5% BSA). Cells were then incubated with monoclonal antibody (MAb) to ICAM-1 (Serotec, Raleigh, NC) or permeabilized with 0.1% saponin on ice for 30 min, washed once with PBS, and incubated with TLR3 (Abcam, Cambridge, MA) for 1 h on ice. Cells were washed and incubated for 30 min on ice with the second antibody conjugated to Alexa Fluor 488 (Invitrogen). Cells were washed, suspended in PBS-BSA, and analyzed with a Becton Dickinson FACSCalibur using CellQuest software. Cells incubated with matched IgG isotype controls instead of primary antibody served as controls.
RV binding to and endocytosis by IB3 cells. Binding of RV to IB3 cells was determined as described previously (23, 30) . Briefly, after the relevant treatment, IB3 cells were prechilled for 30 min at 4°C and then incubated with cold PBS-BSA (PBS containing 1% BSA) containing RV or equal volumes of sham control in the presence or absence of 10 mM EDTA for 1 h at 4°C. Cells were washed with PBS-BSA or PBS-BSA containing 10 mM EDTA to remove unbound RV. Cells were then incubated with MAb to RV16 (MAb R16-7) (21, 22) , which recognizes VP2, a capsid protein of not only RV16 but also RV39, or isotype IgG control for 1 h on ice. Cells were washed, incubated with antimouse IgGconjugated with Alexa Fluor 488 for 30 min, and analyzed by flow cytometry. To obtain an estimate of specific binding of RV to epithelial cells, we subtracted the mean fluorescence index (MFI) obtained in the presence of EDTA from the MFI in the absence of EDTA. We then subtracted the MFI associated with cells incubated with sham-infected cells. To measure endocytosis of RV, IB3 cells were incubated with RV or equal volumes of sham at 4°C for 30 min, washed, and then incubated at 37°C for 30 min to facilitate endocytosis of bound RV. Cells were permeabilized, and endocytosis of RV was determined by flow cytometry and corrected for controls as described for binding.
Measurement of reactive oxygen species (ROS).
After the relevant treatment, cells were incubated with 2 M carboxy-2Ј,7Ј-dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA; Invitrogen) in Hanks balanced salt solution (HBSS) for 30 min. Cells were then shifted to serum-free medium and incubated for 1 h. Cells were collected and suspended in PBS, fluorescent emission was quantified by flow cytometry, and the results were analyzed using CellQuest software.
Statistical analysis. Results are expressed as means Ϯ standard deviations (SD) from at least two or three independent experiments done in duplicate or triplicate. Data were analyzed by using SigmaStat statistical software (SigmaStat Software, Inc., San Jose, CA). To compare two groups, Student's t test was used. To compare more than two groups, one-way analysis of variance (ANOVA) with 4132 CHATTORAJ ET AL.
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Tukey-Kramer post hoc analysis was performed. When data were not normally distributed, results were expressed as medians with ranges and compared by either ANOVA on ranks or Mann-Whitney test. A P value of Յ0.05 was considered significant. Table 1 ). In contrast, normal cells infected with MPA and RV showed 2-to 3-fold increases in IFN and IFN-stimulated genes compared to results for cells infected with RV alone ( Fig. 1E to H). Expression of ICAM-1, NADPH oxidase 1, matrix metalloprotease 12, and IL-8 was increased in both normal and CF cells coinfected with MPA and RV compared to that for cells infected with RV alone (Table 1) . Next, we examined the capacity of CF and normal cells to clear virus. CF or normal cells were infected with RV alone, and viral load was determined 6, 12, and 24 h postinfection. CF and normal cells showed similar viral loads at all the time points examined, suggesting that both cell types clear virus equally well and with similar kinetics (Fig. 1I) . However, CF and normal cells showed a significant difference in the viral load following coinfection with MPA and RV, which correlated with IFN expression (Fig. 1J) . CF cells coinfected with MPA followed by RV showed 2-log-higher infectious virus than that for cells infected with RV alone. In contrast, normal cells coinfected with MPA and RV showed a decreasing trend in viral load compared to results for cells infected with RV alone. In both CF and normal cells, the viral load inversely correlated with levels of IFN. The decreased IFN response and increased viral load in MPA/RV-infected CF cells was not due to cell death, as there was no difference in lactate dehydrogenase (LDH) levels or numbers of apoptotic cells between RVand MPA/RV-infected cells (data not shown). Together, these results indicate that MPA suppresses the IFN response to subsequent RV infection and interferes with viral clearance in CF cells but not in normal cells.
RESULTS

CF
CF and normal bronchial epithelial cell lines respond to MPA and RV coinfection in a manner similar to that of primary cells. To delineate the mechanisms by which MPA modulates RV-induced IFN responses, we used immortalized CF (IB3) and normal (BEAS-2B) bronchial epithelial cells. These cell lines have been previously used extensively to elucidate mechanisms of innate immune responses to bacterial or viral infection. In our preliminary studies, we also examined the IB3 cells corrected for CFTR expression (C38 and S9), but they failed to respond to RV infection (data not shown). We found that CFTR-overexpressing cells produce large amounts of soluble ICAM-1, which serves as a cellular receptor for RV39, and this can potentially inhibit RV binding and endocytosis, thereby blocking IFN expression. Therefore, in the present study, we used BEAS-2B cells instead of isogenic C38 or S9 cells. Both IB3 and BEAS-2B cells infected with RV alone showed significant increases in mRNA levels of IFN-␤, IFN-1 , and IFN-2 compared to those of cells treated with medium or UV-RV-infected cells ( Fig. 2A and B) and also showed similar kinetics of RV clearance (see Fig. S1 in the supplemental material). As observed with primary cells, while IB3 cells infected with MPA followed by RV showed decreased mRNA expression of all three IFNs, BEAS-2B cells showed significantly increased IFN mRNA levels compared to those for the respective cells infected with RV alone. Similar differences in IFN-1 protein levels were observed for MPA-and RV-coinfected IB3 and BEAS-2B cells (Fig. 2C and D) . We also measured the protein levels of IFN-␤ and IFN-2 , but they were below the detection limit in all the samples. Similar to our observations, IFN-␤ protein was undetectable in RV-infected normal bronchial epithelial cells despite significant increases at the mRNA level (31, 38) . This may be due to the sequestration of IFN-␤ protein by its cellular receptors, IFNAR1 and IF-NAR2, following its secretion into medium, leading to depletion of IFN in cell-free supernatants.
In contrast to IFN expression, IL-8 mRNA levels in MPA/ RV-coinfected IB3 cells showed 2-to 3-fold increases compared to those of similarly infected normal cells (Fig. 2E and  F) . Also, there was no difference in the levels of LDH or We examined the viral titer to determine whether the IFN response corresponds to viral load as observed for primary cells. IB3 cells coinfected with MPA and RV showed a significantly increased viral load compared to that for cells infected with RV alone. In contrast, BEAS-2B cells coinfected with MPA and RV showed a viral load slightly lower than that for the cells infected with RV alone (Fig. 2G and H) . Together, these results suggest that IB3 and BEAS-2B cells show responses to infection with RV alone or MPA/RV coinfection that are similar to those of primary CF and normal cells, respectively. Therefore, we used these cells in our subsequent experiments.
Kinetics of IFN expression is not altered in MPA/RV-infected cells. Next, we examined the kinetics of the IFN response to RV infection to rule out the possibility that the observed IFN suppression is due to altered kinetics in IB3 cells coinfected with MPA and RV. We determined IFN-␤, IFN-1 , and IFN-2 mRNA expression at 4, 8, 12, and 24 h after RV infection. In both RV-and MPA/RV-infected IB3 cells, maximum expression of IFN was observed at 12 h postinfection and persisted up to 24 h, but MPA/RV-infected cells showed decreased expression at all the time points examined (Fig. 3A,  C , and E). Similar kinetics of IFN expression in response to RV infection was observed in BEAS-2B cells (Fig. 3B, D , and E). However, compared to BEAS-2B cells infected with RV alone, cells infected with MPA/RV showed increased IFN expression at all the time points examined. Since UV-RV infection was similar to sham infection with regard to stimulating IFN expression, we used UV-RV-infected cells instead of sham-infected cells as negative controls in the following experiments.
Altered IFN expression is not due to a difference in viral binding or endocytosis. Viral binding and endocytosis are essential primary steps for subsequent IFN response. RV39 binds to ICAM-1; therefore, we determined the expression of ICAM-1. Following MPA infection, both IB3 and BEAS-2B cells showed increased expression of ICAM-1 compared to that of the respective uninfected cells (Fig. 4A to C) . Further, there was no significant difference between IB3 and BEAS-2B cells in the expression of ICAM-1. Next, we examined the binding of RV to uninfected and MPA-infected cells. There was a small but significant increase in the amount of RV binding to MPA-infected cells compared to that binding to uninfected cells, irrespective of cell type (Fig. 4D) , a result which was consistent with increased expression of ICAM-1. Determination of endocytosis of RV39 by IB3 and BEAS-2B cells revealed that although there was an increasing trend of endocytosis of RV39 in MPA-preinfected cells, it was not significantly different from that in uninfected cells (Fig. 4E) . Together, these results suggest that the altered IFN response in MPA-preinfected cells is not due to differences in viral binding or endocytosis.
Altered IFN expression is not due to difference in the expression of dsRNA receptors. Previously, we have shown that RV-stimulated IFN expression requires recognition of dsRNA generated during RV replication by TLR3 and melanoma differentiation-associated protein 5 (MDA5), but not the retinoic acid inducible gene I (RIG-I) product (38) . Therefore, we determined the expression of TLR3 and MDA5 after MPA infection for both IB3 and BEAS-2B cells. Compared to uninfected cells, MPA-infected IB3 and BEAS-2B cells showed a significant increase in TLR3 expression (see Fig. S2A in the supplemental material). However, there was no difference in TLR3 expression between IB3 and BEAS-2B cells. Expression of MDA5 was not affected by MPA infection in either IB3 or BEAS-2B cells (see Fig. S2B in the supplemental material). Together, these results suggest that the altered IFN response in MPA/RV-coinfected cells is not due to differences in the expression of TLR3 or MDA5.
MPA preinfection inhibits IRF3 and Akt phosphorylation in response to RV infection in IB3, but not in BEAS-2B cells.
Previously, we have shown that expression of IFN response to RV infection in BEAS-2B cells requires activation of IRF3. Also genetic inhibition of IRF3 blocked the IFN response stimulated by RV infection (38) . To examine whether MPA suppresses the expression of IFN response to RV by inhibiting IRF3 activation in IB3 cells, we determined the phosphorylation of IRF3. CF cells infected with RV alone showed IRF3 activation starting from 8 h postinfection, which increased further up to 24 h (see Fig. S3 in the supplemental material) (Fig.  5A and B) . In contrast, in MPA preinfected CF cells, RV infection did not induce phosphorylation of IRF3 until 12 h. Although, the IRF3 phosphorylation increased with time of incubation, it was lower than that observed in cells infected with RV alone at all the time points examined. In contrast, BEAS-2B cells coinfected with MPA/RV showed increased IRF3 phosphorylation compared to cells infected with RV alone. Together, these results suggest that MPA suppresses IFN expression in response to subsequent RV infection by reducing and delaying the IRF3 activation in IB3, but not in BEAS-2B cells.
PI-3 kinase-induced Akt phosphorylation is required for To assess whether PI-3 kinase activity is required for the RV-stimulated IFN response, IB3 or BEAS-2B cells were infected with RV and incubated for 90 min to allow binding to and endocytosis of RV by the cells. Infection medium was replaced with medium containing LY294002, a pharmacological inhibitor of PI-3 kinase and incubated for 24 h, and IFN expression was determined. LY294002 at 10 M caused a partial but significant reduction in expression of all three IFNs in both IB3 and BEAS-2B cells (Fig. 6A to F) . In addition, we observed that in both cell types, LY294002 completely abrogated Akt phosphorylation as anticipated and partially inhibited IRF3 phosphorylation (Fig. 6G) . These results indicate that PI-3 kinase-induced Akt phosphorylation is required for maximal IRF3 phosphorylation and the subsequent expression of IFNs in RV-infected CF and normal cells.
Antioxidants block the suppressive effect of MPA on IFN expression in MPA/RV-coinfected IB3 cells. Loss of CFTR function or exposure to persistent inflammatory milieu in vivo may alter the redox state of CF airway epithelial cells, and this may modulate innate immune responses to infection (2, 18) . To examine whether CF cells are under increased oxidative stress, we determined the levels of cellular ROS. Compared to BEAS-2B cells, IB3 cells showed increased levels of ROS ( Fig.  7A and B) , which further increased with MPA infection (Fig.  7B) . Although MPA infection increased ROS generation in BEAS-2B cells, this increase was significantly less than in similarly infected IB3 cells. Pretreatment with 10 M DPI or 25 mM N-acetylcysteine (Fig. 7C ) decreased ROS levels in both uninfected and MPA-infected IB3 cells. To test whether this increased oxidative stress plays a role in the observed differences between CF and normal cells, IB3 cells were pretreated with DPI or NAC for 6 h. Dimethyl sulfoxide (DMSO)-or medium-treated cells were used as controls, respectively, for DPI-and NAC-treated cells. Cells were then infected with MPA and RV as described above in the absence of antioxidants. As observed earlier, CF cells pretreated with medium or DMSO and infected with MPA/RV showed suppressed expression of IFNs compared to levels for cells infected with RV alone (Fig. 7D to F) . In contrast, cells pretreated with DPI or (Fig. 7G) . DPI-but not DMSOtreated cells coinfected with MPA/RV also showed phosphorylation of Akt and IRF3, similar to results for cells infected with RV alone (Fig. 7H) , implying that DPI restores IRF3 activation and subsequent IFN expression by increasing Akt phosphorylation. In BEAS-2B cells, however, DPI pretreatment showed a trend toward increased IFN response in both RV-and MPA/RV-infected cells; the IFN response was not significantly different from that of similarly infected DMSOpretreated cells (Fig. 8) . Together, these results indicate that CF and normal cells differ with respect to their antiviral response to coinfection with MPA and RV, and this difference is due at least in part to persistent oxidative stress in CF cells.
To assess whether CFTR contributes to the observed differences between CF and normal cells, we treated BEAS-2B cells with CFTR inhibitor 172 and determined the ROS generation. CFTR inhibitor increased ROS generation in BEAS-2B cells in a concentration-dependent manner, showing ROS levels similar to those for IB3 cells when cells were treated with 5 M CFTR inhibitor (Fig. 9A) . Therefore, we used 5 M CFTR inhibitor in the subsequent experiments examining the effect of loss of CFTR function on virus-induced IFN responses. The BEAS-2B cells infected with MPA in the presence of CFTR inhibitor showed a further increase in ROS generation (Fig.  9B ), similar to that observed for IB3 cells (Fig. 7B) . In addition, BEAS-2B cells treated with CFTR also showed a significantly decreased IFN response following MPA/RV coinfection compared to that of vehicle-treated controls. These observations suggest that loss of CFTR function may contribute to the observed differences between CF and normal cells with regard to ROS generation and IFN response to coinfection with MPA/RV. 
DPI reverses the suppressive effects of MPA on the RVinduced IFN response in primary CF airway epithelial cells.
To confirm that the results obtained with CF cell lines holds true for primary cells, CF primary cells differentiated into a mucociliary phenotype were pretreated with DPI or DMSO (vehicle control) and then infected with RV alone or with MPA followed by RV, and mRNA levels of IFNs were examined (Fig. 10 ). Upon coinfection with MPA/RV, DMSO-pretreated cells showed less IFN expression and phosphorylation of Akt and IRF3 than the cells infected with RV alone, as anticipated. In contrast, DPI-treated cells coinfected with MPA/RV showed similar or slightly increased IFN levels compared to those of DPI-treated cells infected with RV alone. In addition, DPI treatment also increased the Akt and IRF3 phosphorylation in MPA/RV-infected cells, similar to that observed for cells infected with RV alone. Together, these results suggest that antioxidant treatment reverses the suppressive effects of MPA on the RV-induced IFN response in primary CF airway epithelial cells.
DISCUSSION
Innate immune responses of the airway epithelium play a critical role in clearing infectious agents during the early stages of infection. Exposure to secondary infection, while the airway epithelium is responding to ongoing primary infection, may affect the early innate defense mechanisms of the airway epithelium in multiple ways, depending on the types of infection. Alteration in the redox state of airway epithelial cells as observed for CF (2, 4, 10) may further modulate innate immune responses to coinfections. In this study, we demonstrate that CF and normal bronchial epithelial cells respond differently to coinfection with MPA/RV due to differences in ROS levels. Compared to normal cells, CF cells generate increased basal levels of ROS, which further increase upon MPA infection. Increased ROS levels correlated with the suppression of IFN responses induced by subsequent RV infection and persistent viral load. This appears to be due to abrogation of Akt phosphorylation which is required for maximal activation of IRF3 and IFN expression. Treatment with the antioxidant DPI reversed the suppressive effects of MPA infection and decreased viral load by restoring the Akt phosphorylation. In contrast, normal cells, which show low levels of ROS after MPA infection, show neither inhibition of Akt phosphorylation nor suppressed IFN expression in response to subsequent RV infection. Further, DPI had no effect on the expression of IFNs in normal cells coinfected with MPA and RV. Finally, normal cells treated with CFTR inhibitor generated ROS and responded to coinfection with MPA and RV in a manner similar to that of CF cells. Together, these results suggest that innate immune responses to infection are modulated not only by preinfection with bacteria but also by oxidative stress due to loss of CFTR function in CF cells.
Type I IFNs play an essential role in mounting antiviral responses (13, 43) . Previously, we and others have demonstrated that normal airway epithelial cells express IFN-␣ and IFN-␤ in response to RV infection, and this requires activation of IRF3 (31, 38) . Subsequently, type I IFNs bind to IFNAR1 and IFNAR2 receptors and stimulate activation of the JAK/ STAT signaling pathway, leading to amplification of the type I interferon response and expression of type III interferons and other antiviral IFN-stimulated genes (ISGs), including those encoding viperin, OASL, and MX proteins (3). Previously, CF bronchial epithelial cells were demonstrated to be more susceptible to viral infection due to impairment of STAT1 activation and loss of its downstream target, NOS2 (45) . In addition, primary CF cells were also shown to be blunted in production of IFN-␤ and subsequent ISGs in response to influenza A virus infection (42) . Although we observed impaired NO production in CF cells (data not shown), we found that both primary and immortalized CF airway epithelial cells were capable of mounting IFN-␤ responses at the mRNA level, and we observed expression of subsequent type III IFNs and ISGs in response to RV infection and cleared virus similar to that in normal airway epithelial cells. In addition, inhibition of CFTR function in normal cells by a pharmacological inhibitor also did not suppress RV-induced type I or type III IFNs. Therefore, the observed discrepancy between the present and previous studies may be due to different types of viruses used. It may also be due to the use of passage zero cells in the previous report (42) as opposed to passage one cells; passage zero cells may still be under the influence of effects of bacteria or bacterial products, and this can potentially inhibit antiviral responses. Indeed, in the present study, we found that prior infection with MPA inhibits expression of IFN and ISGs in response to subsequent RV infection in both primary and immortalized CF airway epithelial cells.
IFN production occurs following the recognition of doublestranded RNA generated during the replication of virus by pattern recognition molecules, TLR3, RIG-I, or the MDA5 gene. In RV-infected normal airway epithelial cells, MDA5 and TLR3, but not RIG-I, play a role in recognition of dsRNA cells and in monocytic cell lines (14, 43) . Since CF and normal cells showed significant differences in ROS levels after MPA infection, it is plausible that oxidative stress may contribute to inhibition of RV-induced Akt phosphorylation in MPA-infected CF cells. Consistent with this notion, we observed higher basal levels of ROS in CF cells than in normal cells; these levels further increased with MPA infection. Second, pretreatment with antioxidants inhibited the ROS generation and restored RV-induced Akt phosphorylation, IRF3 phosphorylation, and IFN expression in MPA-infected cells. In addition, normal cells treated with CFTR inhibitor showed increased ROS generation, which further increased upon MPA infection and suppressed IFN responses to coinfection with MPA/RV, similar to the case with CF cells. Together, these observations indicate that the oxidative stress in CF cells may modulate the IFN response to coinfection with bacteria and RV. However, the oxidative stress in CF cells does not appear to affect gene expression globally after coinfection with MPA and RV, because the expression of IL-8 and ICAM-1 (19, 20, 24) , each of which are regulated by NF-B, was increased in MPA/RV-coinfected cells compared to that in cells infected with RV or MPA alone. In addition to increased ROS generation, decreased expression of antioxidants may also contribute to increased oxidative stress. Compared to normal mice, CF mice failed to show significant increase in epithelial lining fluid glutathione (10) . Similarly, bronchoalveolar lavage fluid from CF patients showed diminished levels of glutathione (4). In our preliminary studies, we observed reduced expression of antioxidant gene products, such as glutathione reductase, hemoxygenase 1, and NF-E2-related factor 2 (Nrf-2), a key antioxidant transcription factor in MPA-infected CF cells, compared to levels in similarly infected normal cells (S. Ganesan and U. S. Sajjan, unpublished results). Such decreased antioxidant levels in the airways may increase oxidative stress, and this in turn may affect the innate immune responses to infection.
In summary, we have shown that bacterial infection may suppress innate immune responses to subsequent viral infection, particularly in CF cells, which show increased oxidative stress. This may lead to viral persistence and prolong the inflammatory responses, thereby increasing the length and the severity of lung disease. In fact, in patients with asthma, decreased viral clearance and prolonged increased lower respiratory symptoms correlated with impaired IFN responses (39) . Therefore, these data provide an important insight into the mechanisms by which bacterial infection suppresses antiviral responses in CF patients.
